T
he adult human gut contains one of the largest populations of epithelial stem cells in the body. Defining the properties of these cells offers an opportunity to develop new ways of classifying and treating common diseases that affect repair, regeneration, and transformation of this epithelium.
The mouse has served as the principal model organism for deciphering the features of gut stem cells. Thirty years have elapsed since 3 H-thymidine labeling͞electron microscopic (EM) autoradiographic studies of adult mice demonstrated that the small intestinal epithelium undergoes continuous renewal, fueled by multipotent stem cells located at the base of its numerous flask-shaped mucosal invaginations (crypts of Lieberkühn). These lineage tracing experiments provided a detailed morphologic description of small intestinal epithelial progenitors (SiEPs) (1) .
Each active stem cell appears to gives rise to two populations of long-lived daughters, one committed to producing absorptive enterocytes, the other committed to producing secretory cell lineages (goblet, enteroendocrine, and Paneth) (2) . Paneth cells complete their differentiation at the crypt base where they function as key components of innate immunity, producing a variety of antimicrobial proteins (e.g., cryptdins) (3) . Each crypt contains 30-50 mature Paneth cells interposed between a much smaller population of SiEPs (4, 5) . Members of the three other epithelial lineages complete their differentiation as they migrate out of crypts and move up adjacent finger-shaped villi to a cellular extrusion zone located near the tip of each villus. The cycle of renewal is completed every 3-5 days (6) .
Recent work has provided insights about the factors that affect cell fate specification and proliferation of SiEPs in the developing mouse intestine. Hes1, the mammalian homologue of Drosophila Hairy and Enhancer of split genes, is an immediate downstream target of Notch and encodes a basic helix-loop-helix (bHLH) transcriptional repressor that opposes the activity of various bHLH transcriptional activators, including Math1 (7) . Targeted disruption of Hes1 increases the fractional representation of secretory cell lineages and reduces the number of enterocytes, whereas Math1 disruption has the converse effect (8, 9) . Tcf-4 encodes a high mobility group (HMG) box transcription factor that participates in Wnt͞Apc͞␤-catenin signaling (10) . Tcf4 Ϫ͞Ϫ mice die at birth without mitotically active intestinal stem cells (11) . Genetic manipulation of Rac1 activity affects both proliferative status and epithelial differentiation (12, 13) . Rac GTPases intersect with the Apc͞␤-catenin pathway through their interactions with the guanine nucleotide exchange factor, Asef (14) .
In this study, we have used adult transgenic mice with a genetically engineered ablation of their Paneth cells to enhance the fractional representation of SiEPs at the crypt base so that they could be readily recovered by laser capture microdissection (LCM). Functional genomics studies of epithelial cells harvested from SiEP-enriched versus normal Paneth cell-dominated crypt bases yielded a dataset of 163 SiEP-associated mRNAs. This dataset provides a molecular profile of SiEPs within their niche. Components of c-myc signaling pathways, as well as RNA binding proteins involved in transcript processing, localization, and translation, are prominently represented. SiEPs share features with adult mouse colonic and gastric epithelial progenitors (GEPs), as well as with neural stem cells and hematopoietic stem cells (HSCs).
Materials and Methods
Mice. A pedigree of FVB͞N mice hemizygous for a transgene that directs expression of an attenuated diphtheria toxin A fragment to Paneth cells (CR2-tox176) was rederived as germ free (GF) and housed in sterile plastic gnotobiotic incubators (15, 16) . Animals were kept under a strict 12-h light cycle and given an autoclaved chow diet (B & K Universal, East Yorkshire, U.K.). Conventionally raised normal FVB͞N mice were maintained in microisolator cages in a specified pathogen-free state. Males were killed at 1200 hours on postnatal day 26 (GF) or postnatal days 56-70 (conventionally raised) by using protocols approved by our institution's Animal Studies Committee.
Transmission EM. Tissue fragments (3 mm 2 ), obtained from the junction of the middle and distal thirds of the small intestines of GF CR2-tox176 mice and their normal littermates, were prepared for EM (16) . The identities of the five most basal epithelial cells of well-oriented crypts were scored by viewing 100-nm-thick sections with a JOEL 100C electron microscope (n ϭ 30 crypts per specimen; three mice per group).
Quantification of Proliferation. GF normal and CR2-tox176 littermates were given i.p. injections of a solution containing BrdUrd (120 mg͞kg) and 5-fluro-2Ј-deoxyuridine (12 mg͞kg). Mice were killed 1 h later. Eight-centimeter-long segments, spanning the junction of the middle and distal thirds of the small intestine, were removed, fixed in Bouin's solution, and embedded in paraffin, and 5-m-thick sections were cut along the cephalocaudal axis. Deparaffinized sections were incubated with goat anti-BrdUrd (final dilution ϭ 1:2,000 in PBS͞1% BSA͞0.3% Triton X-100), Alexa Fluor 594-conjugated donkey anti-goat Ig (1:1,000, Molecular Probes), FITC-conjugated Ulex europeaus agglutinin-1 (reacts with Fuc␣1,2Gal glycans expressed in Paneth cells; 1:100, Sigma), and bis-benzimide (nuclear stain; 50 ng͞ml; Sigma). S-phase cells were scored in well-oriented crypts (defined as crypts that contain a single layer of epithelial cells surrounding their lumen and that are adjacent to the muscularis mucosa; n ϭ 200 crypts scored per mouse; three mice per group).
GeneChip Analysis of LCM Crypt Base Epithelial Cells. Eightcentimeter-long segments from the junction of the middle and distal thirds of the small intestine were prepared for LCM by using protocols described in ref. 17 . The five most basal epithelial cells from well-oriented crypts were harvested by using a PixCell II LCM system (Arcturus, Mountain View, CA; 7.5-m diameter laser spot) and CapSure HS LCM caps (Arcturus) (n ϭ 700 crypt bases dissected per mouse; n ϭ three mice per group). Total cellular RNA was extracted (PicoPure RNA isolation kit, Arcturus). Duplicate 15-ng aliquots of pooled RNA isolated from the crypt bases of CR2-tox176 or normal littermates were individually amplified Ϸ10 6 -fold through two successive rounds of T7-mediated in vitro transcription (RiboAmp RNA Amplification kit, Arcturus). Amplification was performed according to the manufacturer's protocol with one exception: the T7 BioArray Transcript Kit (Enzo Biochem) was substituted for the last step so that the cRNAs could be biotinylated. Each cRNA was then hybridized to a set of Mu11K GeneChips (Affymetrix, Santa Clara, CA). To verify the linearity of amplification, four Bacillus subtilus transcripts (100,000 copies of Lys, 20,000 copies of Phe, 5,000 copies of Trp, and 1,000 copies of Thr) were added to each RNA sample before amplification (Mu11K GeneChips contain probesets for these bacterial mRNAs) (18) .
Overall fluorescence for each GeneChip was scaled to a target intensity of 1,500 and pairwise comparisons were performed with Affymetrix MICROARRAY SUITE software (version 4.0). Genes were selected based on the following criteria: (i) for SiEP-enriched expression, chip-to-chip comparisons were performed with the normal adult GF mouse GeneChip designated as baseline; all mRNAs whose levels were called Ͼ1.5-fold increased over baseline by GeneChip software in duplicate chip-to-chip comparisons were culled; and (ii) for Paneth cellenriched expression, comparisons were performed with the GF CR2-tox176 chip designated as baseline and transcripts Ͼ1.5-fold increased over baseline in duplicate comparisons were retrieved.
SYBR Green-Based Quantitative Real-Time RT-PCR. RNA was purified from epithelial cells harvested by LCM from the crypt base, the upper half of their associated villi, the lower third of colonic crypts, or from the colonic villus homolog (the surface epithelial cuff) (n ϭ 450 cells per compartment per mouse per mRNA assayed; three mice independently evaluated). cDNA corresponding to 300 pg of purified RNA (Ϸ150 cells) was added to each 25-l quantitative RT-PCR (qRT-PCR) mixture, which also contained 12.5 l of 2ϫ SYBR green master mix (Applied Biosystems), 900 nM genespecific primers (see Table 1 , which is published as supporting information on the PNAS web site, www.pnas.org), and 0.25 units of UDP-N-glycosidase (Invitrogen). A melting curve (15, 17) was used to identify a temperature where the amplicon and not primerdimers were the source of SYBR green-bound fluorescence. Each assay per compartment per mouse was performed in triplicate and the data were normalized to GAPDH mRNA levels (⌬⌬C T method).
Results and Discussion

A Transgenic Mouse Model with an Enriched Population of Small
Intestinal Crypt Epithelial Progenitors. Paneth cell lineage ablation was achieved by expressing an attenuated diphtheria toxin A fragment (tox176) under the control of transcriptional regulatory elements from the mouse cryptdin-2 gene (Defcr2; abbreviated CR2) (16) . Paneth cell-deficient CR2-tox176 mice and their normal FVB͞N littermates were rederived as GF to eliminate variations in their luminal microbial environment and to minimize the number of intraepithelial lymphocytes in their crypts (19) .
Removal of Paneth cells from the crypt base results in a marked increase in the fractional representation of cells with morphologic characteristics of undifferentiated SiEPs. Quantitative EM studies of crypts located at the junction between the middle and distal thirds of the small intestine (distal jejunum) disclosed that in normal GF mice SiEPs represent 15% of the crypt base population (defined as the five most basal epithelial cells), whereas 80% are mature Paneth cells. In age-matched GF CR2-tox176 animals, SiEPs comprise 85% of the crypt base epithelial population. The remaining 15% consist of differentiating goblet, enteroendocrine, and residual Paneth cells (5% per cell type; Fig. 1 
A-C).
Immunohistochemical studies using antibodies to the panlymphocytic marker CD45 revealed that GF normal and CR2-tox176 mice had Ͻ1 intraepithelial lymphocyte per 1,000 crypt base epithelial cells. In addition, histochemical and immunohistochemical assays (20) disclosed that GF CR2-tox176 mice had no obvious perturbations in crypt size or in the distribution and number of differentiated villus epithelial cell types, when compared with their normal littermates.
SiEPs are known to divide at a slower rate than their midcrypt transient amplifying descendants (1) . To determine whether SiEPs in GF CR2-tox176 crypts retained this feature, normal and transgenic mice were given an i.p. injection of BrdUrd 1 h before death. S-phase cells were identified in sections of distal jejunum by using antibodies to BrdUrd (Fig. 1D) , and the percentage of BrdUrdϩ epithelial cells defined in two domains of welloriented crypts: (i) cell layers 1-3 (the base) and (ii) layers 4-8. Paneth cells, marked by their reaction with FITC-conjugated Ulex europeaus agglutinin-1 (21), were excluded. Layers 4-8 in both GF CR2-tox176 and normal mice contained 85-90% BrdUrdϩ cells (Fig. 1E) . In contrast, the crypt base of CR2-tox176 animals contained only 38% BrdUrdϩ cells. This latter value was not significantly different from the number of BrdUrdϩ cells in the crypt bases of normal littermates (43%; P Ͼ 0.05; Student's t test) (Fig. 1E) . We concluded that the morphologic and proliferative features of the expanded population of SiEPs in GF CR2-tox176 crypts were indistinguishable from those of normal littermate SiEPs.
Generating a Database of mRNAs Enriched in SiEPs.
The enrichment of SiEPs observed in an anatomically distinct region of CR2-tox176 crypts allowed us to define their molecular properties. To distinguish SiEPs from their differentiated progeny, we compared the population of mRNAs expressed in CR2-tox176 crypt base epithelium with mRNAs expressed in the Paneth celldominated crypt base epithelium of normal age-matched littermates. Because our goal was to perform this comparison without physical disruption of the stem niche, we retrieved each cell population by LCM of distal jejunal cryosections. Approximately 3,500 crypt base epithelial cells were harvested per mouse. Equivalent amounts of RNA were then pooled from each animal in each group (10 ng per mouse; n ϭ three mice per group), and the pooled RNAs from each group were divided into two separate, but equal-sized, samples. Each sample was subsequently amplified Ϸ10 6 -fold with two successive rounds of T7-mediated in vitro transcription (22, 23) , and each cRNA product was used to interrogate Mu11K GeneChips containing probe sets representing 11,000 mouse genes and EST clusters.
We identified mRNAs from 163 known genes and 25 ESTs as enriched in SiEP-predominated CR2-tox176 crypt base epithelium (duplicate GeneChip comparisons; see Table 2 , which is published as supporting information on the PNAS web site for a complete list). Transcripts from 55 genes (and eight ESTs) satisfied our selection criteria (see Materials and Methods) for enrichment in the Paneth cell-predominated crypt base epithelium of normal littermates (Table 3 , which is published as supporting information on the PNAS web site). (Fig. 2 Upper) . SiEPs have relatively more mitochondria, smooth endoplasmic reticulum, and endosomal͞lysosomal components than Paneth cells. Thirty-five of the 163 SiEPenriched transcripts (21%) encode products that localize to these organelles (Fig. 2 Lower) . Comparisons with neural stem cell and HSC databases. A second validation of the SiEP dataset came from comparisons with recently published databases of mRNAs enriched in neuronal stem cells (NSCs) and HSCs. Twenty-two percent and 27% of the entries in two independently generated HSC datasets were present in two independently generated NSC lists (refs. 24 and 25, respectively). Our SiEP dataset has 36% and 24% identity with these two NSC datasets and 10% and 7% identity with the two HSC profiles. If genes from the same family and with similar reported functions are included in the comparison, the SiEP dataset has 55% and 61% similarity with the two NSC datasets and 39% and 40% similarity with the two HSC datasets (Table 2 and Fig. 3) .
We annotated all of the proteins in the SiEP, HSC, and NSC datasets by automated, algorithmic assignment of terms from the Gene Ontology (GO) Consortium (www.geneontology.org), and then compared the 10 GO terms with the highest fractional representation in each dataset. Fractional representation is defined as the number of proteins with a given GO term relative to the total number of proteins in that dataset with assigned GO terms. The results provided additional evidence for the functional similarities between the databases and independently demonstrated that the highest concordance was between SiEPs and NSCs (Table 4 , which is published as supporting information on the PNAS web site).
LCM͞real-time qRT-PCR studies involving GF and conventionally raised normal mice. The third form of validation of the SiEP database entailed an analysis of whether selected mRNAs were enriched in the crypt base versus differentiated villus epithelium of GF postnatal day 26 normal mice. Epithelial cells located in the lower third of distal jejunal crypts (progenitor compartment) and in the upper half of neighboring villi (differentiated compartment) were harvested by LCM, and the relative levels of 15 mRNAs, representing each of the eight functional categories listed in Fig. 3 , were quantified by qRT-PCR. The results confirmed that the levels of all 15 mRNAs were higher in the progenitor compartment (range ϭ 2-to 14-fold; Fig. 3 ).
Our previous functional genomics studies of GF mice colonized with single or multiple components of the normal small intestinal microbiota revealed that these indigenous microorganisms influence gene expression in both the crypt and villus epithelium (26, 27) . Therefore, a second round of LCM͞qRT-PCR analysis, analogous to that performed with GF mice, compared the relative levels of these 15 mRNAs in distal jejunal crypt base and upper villus epithelium harvested from normal, adult (8-10 weeks old), conventionally raised FVB͞N mice (i.e., animals with a normal gut microbiota). Remarkably, the presence or absence of a microbiota was not associated with statistically significant differences in the crypt͞villus distribution of these 15 transcripts (Fig. 3) . We concluded that the enhanced expression of these mRNAs in SiEPs occurs independently of the microbiota and that the SiEP profile obtained from GF transgenic mice lacking Paneth cells is representative of the intact, unperturbed crypt base progenitor niche of normal conventionally raised animals. Ϫ/Ϫ mice die at birth without mitotically active intestinal stem cells (11) . C-myc is a downstream target of the Wnt͞␤-catenin͞Tcf-4 signaling pathway (28) . The contribution of c-myc to SiEP biology has yet to be Table 2 for additional details. a Average fold difference, defined by qRT-PCR, in progenitor versus differentiated epithelial populations harvested by LCM from the distal jejunum (SI), descending colon, and stomachs of GF or conventionally raised (CONV) normal adult male FVB͞N mice. , cell cycle arrest in G 1 , and differentiation (29) . Our dataset provides evidence of the importance of c-myc signaling in SiEPs, i.e., the list includes transcripts encoding proteins involved in regulating c-myc transcription, the stability of c-myc protein, and c-myc transactivation of its target genes.
SiEPs express the mitogen-activated protein kinase family member Erk1 (extracellular-regulated kinase 1). Erk1 stimulates cell proliferation in response to a variety of factors, including Mif (macrophage migration inhibitory factor; also in the SiEP list) (30) . Activated Erk1 phosphorylates another member of the SiEP dataset, pituitary tumor transforming factor-1 (Pttg1), allowing phospho-Pttg1 to translocate to the nucleus (31) where it transactivates c-myc (32) (Fig. 4A) .
The SiEP dataset also includes casein kinase II (CkII) mRNA. C-myc is phosphorylated by CkII in response to polyamines, which are known SiEP mitogens (33) . CkII-mediated phosphorylation of c-myc prevents its degradation via the ubiquitin͞proteasomal pathway (34), which is well represented in the SiEP dataset (ubiquitinconjugating enzymes 2e1 and 2v2; ubiquitin carboxyl-terminal esterase; ubiquitin-specific protease 14; proteasome subunits ␤ type 10, ␣ type 3, and 26S protease regulatory subunit 6A) (Fig. 4B) .
Loss-of-function mutations of protein phosphatase 2A components are found in human intestinal adenocarcinomas (35) . SiEP express Ppp2cb mRNA (encodes the ␤ isoform of the catalytic subunit of the protein phosphatase 2A complex; ref. 36) CkII substrates are dephosphorylated by Pp2A (37) . In the case of c-myc, this dephosphorylation promotes degradation by the ubiquitin͞proteasomal pathway (37) . Erk substrates are also dephosphorylated by Pp2A (37). Pp2A-mediated dephosphorylation of the c-myc transactivator phospho-Pttg1 represents a potential second route by which c-myc activity could be modulated in SiEPs by this phosphatase (Fig. 4 A and B) . (Figs. 3 and 4C) . Control of the cell cycle. As anticipated from the proliferative activity of SiEPs, mRNAs encoding components of the cell cycle, such as cyclin-dependent kinase regulatory subunits 1 and 2, are represented in the dataset (Fig. 3 and Table 2 ). The dataset also includes several members of the chaperonin-containing t-complex polypeptide 1 (Cct ␤, , and ) that binds newly synthesized cyclin E to cyclin-dependent kinase 2 (43) plus transcripts encoding proteins involved in sister chromatid separation during anaphase (e.g., centromere-associated kinesin and Pttg1; refs. 44 and 45) .
Meticulous control of the rate of SiEP division is critical if crypt-villus units are to maintain a constant epithelial cell census. This control is not only reflected by the SiEP-associated factors that modulate c-myc expression, c-myc stability, and transactivation of c-myc targets, but also by the presence of Btg2 (B cell translocation gene 2) that inhibits cycD1 (cyclin D1) transcription (46) , and the ubiquitin͞proteasome complex that mediates destruction of cyclins (47) , Ccts (48) , and Btg2 (49), and regulates sister chromatid separation (47) .
Heparin sulfate proteoglycans also serve as regulatory cofactors (stimulators and inhibitors) for a number of growth factors (50) . The SiEP dataset contains three transcripts encoding proteins that affect proteoglycan bioavailability͞activity: syndecan binding protein, glypican 1, and multiple exostosis protein 2 (a glycosytransferase required for heparan sulfate addition that is also present in the NSC and HSC databases). Interestingly, knockout of the winged helix transcription factor gene Foxl1 (normally expressed in the pericryptal mesenchyme) results in increased SiEP proliferation and increased production of syndecan (epithelial heparin sulfate proteoglycan that acts as a Wnt receptor; ref. 51) . Control of mRNA processing, trafficking, and translation. Dividing cells increase their apparatus for transcription and translation, in part in response to c-myc signaling (see above and refs. 52 and 53). Our previous analysis of mRNAs enriched in adult mouse GEPs revealed a prominent representation of transcripts encoding proteins required for nuclear RNA processing, cytoplasmic localization, and translation (53) . This feature is recapitulated in the SiEP dataset that contains mRNAs encoding Ser͞Arg-rich RNA splicing factor 10, nuclear poly(A) binding protein 1, two mouse homologs of Drosophila proteins involved in mRNA processing, trafficking, and establishment of polarity in developing oocytes (mago-m and Y14), four ribosomal proteins (L10A, L13A, L23, S4), plus initiation and elongation factors that are downstream targets of CkII signaling cascades (eIF2A, eEF1␤2, eEF2) (Fig. 3) . Control of mRNA processing and localization in gut epithelial progenitors may play an important role in regulating their communications with other cellular components of their niches, as well as influencing their capacity for asymmetric division, or instigating polarized migration of their offspring. Notably, HSCs and NCSs also express identical and͞or functionally equivalent genes involved in mRNA processing, localization, and translation (Fig. 3) .
Comparisons of SiEPs with Epithelial Progenitors in the Stomach and
Distal Colon of Adult Conventionally Raised Normal Mice. The 15 mRNAs used for LCM͞qRT-PCR validation of the SiEP dataset (see above) were used to compare the features of small intestinal and colonic progenitors. LCM was utilized to recover epithelial cells from the lower third of crypts located in the descending colon and from the surface epithelial cuffs that ring the orifice of these crypts (cuffs are homologues of small intestinal villi). qRT-PCR analysis revealed a strong similarity between colonic epithelial progenitors and SiEPs: levels of all 15 SiEP-enriched transcripts were higher in colonic crypt base epithelium compared with the surface epithelial cuff (range 1.5-to 19-fold; Fig. 3) .
Epithelial cells were then harvested from two regions of gastric units: the midportion or isthmus, which contains multipotent stem cells and their immediate committed daughters (54) , and the upper third, which contains differentiated mucus-producing pit cells and acid-producing parietal cells. Eight of the 15 mRNAs that were enriched in SiEPs were enriched in the isthmal GEP niche, including three of the six transcripts encoding mRNA binding proteins (Fig. 3) . Moreover, none of the 15 mRNAs showed statistically significant decreases in GEPs compared with their differentiated progeny. The concordance between SiEP and GEP gene expression prompted a more detailed analysis of the degree of overlap between our recently reported GEP gene expression profile (54) and that of SiEPs. Eleven of the 147 genes in the GEP dataset were present in the SiEP dataset. An additional 22 genes encoded related family members or additional subunits of multisubunit complexes. The observed degree of overlap between lists is striking. Both the SiEP and GEP lists were identified by using GeneChips containing probe sets representing Ϸ11,000 genes. Thus, based on chance alone, we would expect no more than two of the 163 SiEP transcripts to be present in the GEP list. Furthermore, there was no overlap between the GEP and the Paneth cell datasets. Together, these findings provide the beginnings of a molecular definition of features shared by epithelial progenitors distributed along the length of the adult mouse gastrointestinal tract.
Prospectus. The approach used in this study to enrich for normally rare epithelial progenitors in the adult mouse small intestine involved an engineered ablation of the principal differentiated cell type that normally coexists with SiEPs at the crypt base. Remarkably, ablation did not affect the proliferative status of SiEPs, indicating that Paneth cells and their associated factors are dispensable when it comes to maintaining proper regulation of cell division rates in the crypt stem cell niche. This finding contrasts with the situation in the adult mouse stomach, where tox176-mediated ablation of parietal cells, the principal epithelial lineage that differentiates in the gastric stem niche, results in marked enhancement of GEP proliferation (54) .
Enrichment of SiEPs in the crypt base epithelium through erasure of differentiated Paneth cells permitted their direct retrieval by LCM, thereby avoiding prolonged periods of separation from their niche before mRNA extraction. Evidence for the validity of the SiEP profile includes correlation with their organellar content, compositional͞functional similarities to databases obtained from recent NSC and HSC genome anatomy projects, plus direct LCM͞qRT-PCR comparisons of gene expression in crypt base and villus epithelium of normal, conventionally raised mice. This validation sets the stage for the next phase of characterization where normalized micro-cDNA libraries are prepared from LCM SiEPs harvested from CR2-tox176 crypt bases and then sequenced. Such an approach is likely to yield an expression profile that includes very low abundance transcripts. In addition, cDNA librarybased genome anatomy projects do not have to limit themselves to mRNAs that exceed a set threshold difference in expression levels between progenitor and reference control populations. Thus, they should provide a more comprehensive view of the biological properties of these formerly elusive cells.
